ABSTRACT: Separating oil−water mixtures is a common obstacle in many processes from wastewater treatment to biofuel manufacture to cleanup of oil spills. There is an urgent need for new, fast, and simple technologies for such separations. In this work, we describe a simple and practical route for creating superoleophilic electrospun membranes that are capable of selectively passing oil and organic compounds at very high rates in a gravity-driven system while retaining water. To prepare these membranes, we blended a new, highly fluorinated random copolymer (FCP), poly(methyl methacrylate-random-perfluorodecyl methacrylate), P(MMA-r-FDMA), with the commodity polymer poly(vinylidene fluoride) (PVDF) and prepared electrospun membranes from their mixture. Membranes composed of nonwoven fibers with uniform and bead-free morphology were obtained upon electrospinning of PVDF blended with this FCP. The PMMA segments provided anchors to the PVDF matrix, resulting in significant enhancement in the mechanical properties with up to 7 times higher Young's modulus for the blend membranes. Moreover, the self-organization of the long, pendant FDMA side groups within the PVDF matrix resulted in fluorine-rich, highly hydrophobic and superoleophilic surface. As a result, the FCP-containing membranes exhibited up to 17 times faster permeation of oil and organic solvent, compared with pure PVDF membrane in gravity-driven filtration experiments. Their performance was highly stable during a 70 min continuous gravity-driven filtration experiment for oil/water separation, reflecting their excellent fouling resistant properties. This easy-to-implement and cost-effective approach, combined with the high porosity and re-entrant structure created by the electrospinning, can create membranes with excellent mechanical properties and fouling resistance.
■ INTRODUCTION
Oil pollution, caused by various industries, as well as offshore oil exploration, marine transportation, and frequent oil spill accidents, has become one of the most urgent global environmental problems. 1, 2 Oil-polluted water can cause severe, long-term environmental, and ecological problems. 3, 4 Conventional approaches for oil/water separation include in situ burning, 5 mechanical devices (e.g., booms, skimmers), 6 bioremediation, 7 and absorbent porous materials. 1, 8, 9 All these methods share similar limitations, including high energy cost, low separation efficiency, and in some cases, difficult oil/ solvent recovery 10−12 and poor reusability of the absorbents that results in the generation of secondary pollution. 9, 13 This emphasizes the need for developing new, efficient, simple, and sustainable separation techniques that can deal with large quantities of oily wastewater.
Membrane separation technology is considered to be the most promising approach for oil/water separation, as it offers high separation efficiency, ease of operation, and small footprints. 14−16 Effective separation of oil and water requires membranes with superwetting surfaces with opposite affinities toward water and oil. 8, 17 The wetting properties of a solid surface depend critically on the combination of two factors: the surface chemistry and morphology (i.e., geometrical roughness). 18, 19 Natural materials, such as lotus leaves, exquisitely demonstrate the synergistic combination of these two parameters to achieve superhydrophobicity. The superhydrophobicity of lotus leaf is attributed to the combination of the unique surface chemistry of epicuticular wax-covered surface and the roughness on multiple scales. 20 The textured surface traps air within the surface asperities, introducing air pockets between the droplet and solid surface. This in turn minimizes the contact area, making the surface superhydrophobic. However, a liquid with markedly lower surface tension than water spreads rapidly across the lotus leaf. This implies that the surface energy and structure can be engineered to minimize solid−liquid interfacial energy to achieve membranes with high oil/water separation efficiency. In addition to surface chemistry and topography, promising membranes for oil/water separation feature high porosity to ensure high flux, low surface fouling for stable performance, as well as mechanical robustness for continuous applications.
Electrospinning is a simple, low-cost, and versatile method 21, 22 that inherently generates re-entrant surfaces by creating a randomly oriented, nonwoven web of fibers.
23−25
The resultant electrospun membranes feature high porosity, interconnected pores, and high surface area-to-volume ratios. This results in high permeability to the fluid that wets the fibers, combined with high resistance to the permeation of fluids with unfavorable interactions.
Electrospinning of fluorinated polymers has been extensively utilized to fabricate superhydrophobic materials 26−31 for various applications, including self-cleaning, corrosion resistance coatings, drag reduction, and antibiofouling. 32 Porous materials incorporating fluoropolymers can serve as "oilremoving" membranes that allow oil to pass through while retaining water. This mode of operation is preferable because it only requires the oil to pass through the filter. In contrast, when hydrophilic "water-removing" membranes are used, much larger quantities of water need to be permeated through the filter. The superhydrophobicity of the surface emanates from preferential orientation of the low surface energy fluorinated groups in a thermodynamically favorable state at the polymer/air interface. This phenomenon has been observed for different polymer architectures, including homopolymers terminated with a fluorinated end-cap, 33 fluorinated homopolymers, 34 low molecular weight fluorinated additives, 35, 36 fluorinated graft, 26 ,37 block 34, 38 and random copolymers 39, 40 under various membrane fabrication methods (i.e., electrospinning, nonsolvent induced phase separation, solvent evaporation), and thus it is well-documented in the literature. Fluorinated polymers can also be used as coating layers on various materials (e.g., steel mesh, 41 aluminum, 42 fabrics 43 ) to fabricate superhydrophobic or oleophilic surfaces. As such, these fluorinated polymers are promising candidates as membrane materials especially for oil/water separation applications, as they can enhance surface oleophilicity.
However, fouling is a major challenge for these "oilremoving" materials. 44, 45 Surface fluorine enrichment has been reported to enhance the fouling resistance of "waterremoving" membranes upon contact with foulants, as well as their fouling release during washing and regeneration. 37,46−48 In "water-removing" membranes, fouling occurs by the deposition of an oil layer on the membrane surface. In contrast, fouling in "oil-removing" membranes can be as a result of either pore blockage by oil, 44 or penetration/pinning of water droplets on the membrane surface. This surfaceadsorbed water layer can create a barrier between the oil droplet and membrane surface and, thus, decrease the contact of oil droplets with surface, resulting in flux decline over time. 49 Fouling studies on such membranes are however preliminary and almost exclusively focused on short-term gravity driven filtration. Thus, there is a need for a better understanding of the fouling mechanism of oil-removing membranes especially for continuous exposure to oil/water mixture.
Typically, electrospun membranes with superwetting properties are prepared by first forming a mechanically strong electrospun membrane from a commodity polymer, followed by postprocessing methods such as chemical vapor deposition of fluorinated compounds, 50, 51 plasma treatment, 52 in situ polymerization of fluorinated monomers, 53, 54 and electroless plating, 55 or by layer-by-layer assembly 51 for the incorporation of nanoparticles and creation of a hierarchically textured surface. All these approaches, while often successful in enhancing surface wetting properties, involve a post modification step, adding to membrane manufacturing cost. Furthermore, complicated and costly fabrication procedures, as well as the low stability of some of the deposited layers, limit the large-scale implementation of these methods.
Blending of functional polymeric additives with a commodity polymer matrix during electrospinning provides a simple, single-step, and attractive alternative. The additive can be designed to segregate to the surface and modify the surface properties. 56, 57 Thus, this simple and single-step approach not only has advantages in cost, but also allows the surface and bulk properties to be tailored independently. This enables the alteration of surface energy or the incorporation of particular functional groups on the fiber surface while maintaining desirable mechanical properties of the polymer matrix. The blending approach has been extensively utilized to improve the performance of electrospun membranes for oil/water separation. Various additives have been added to a variety of membrane materials to enhance their fouling resistance, 58 to create surfaces with superwetting properties (i.e., superhydrophilicity, 59 ,60 superoleophilicity, 61, 62 or superomniphilicity 63 ), and to tune the surface wettability for separation of organic solvents based on their surface tensions. 64, 65 Fluorinated polymers are an example of these additives that have been used during electrospinning to enhance surface hydrophobicity/oleophilicity. 35, 61, 64, 66 Although the addition of fluoropolymers can lead to higher oil permeation, this adversely affects either the separation selectivity or the mechanical properties of the membranes. 61, 63, 64 The poor mechanical stability is a result of bead-on-string or particleonly morphology, which was frequently reported to arise upon addition of fluorinated additives or during the electrospinning of fluoropolymers. 27, 29, 61 While the bead-on-string morphology contributes to higher hydrophobicity, 67 the practical applications of these materials as filtration membranes are expected to be limited due to lack of adequate mechanical integrity. Combined, designing an additive that imparts the desirable combination of surface wetting properties, fouling resistance, with synergistic improvement in flux and separation efficiency without compromising the integrity and mechanical stability not only requires the consideration of their chemical structure, but also thermal and physical properties.
PVDF is one of the most commonly used membrane materials. Because of its high thermal stability, chemical resistance, and mechanical strength, it is broadly manufactured for industrial applications. 14, 68 Electrospun PVDF membranes are intrinsically oleophilic, 24, 69 and have been used for treating oily wastewater. 70 However, they are also hydrophobic and highly prone to fouling. 69 To improve their water permeance and fouling resistance, PVDF is usually blended with hydrophilic copolymer additives. 58 These "water-removing" membranes are designed to allow water to pass, retaining oil droplets because of their larger size. However, hydrophilic surfaces have relatively high surface free energies. This makes
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Article them unsuitable for oil/water separation, as oil and other organic solvents with low surface tension can readily spread on the membrane surface and block its pores. To reduce the adhesion of the oil-foulant onto these water filtration membranes and improve water flux recovery upon rinsing, blending terpolymer additives containing both a hydrophilic segment and a fluorinated segment have been utilized. 71, 72 The orientation of fluorinated chains to the surface results in low adhesion of the oil-foulant, thus mitigating the extent of fouling during contact with oil/water and imparting excellent fouling resistance-release properties to the membrane surface upon washing. 73−76 However, severe membrane fouling still occurs shortly after exposure to oil during the filtration process, leading to low water flux during operation. 69 Here, we demonstrate a simple approach for the fabrication of superoleophilic electrospun membranes by blending a new fluorinated random copolymer, poly(methyl methacrylaterandom-perfluorodecyl methacrylate), P(MMA-r-FDMA), with polyvinylidene fluoride (PVDF) as the matrix. The fluorinated copolymer (FCP) additive is synthesized using free radical polymerization, a simple, robust, and scalable synthesis method. The FCP is designed to enhance both the wetting and mechanical properties of PVDF matrix. To enmesh the fluorinated segment within the PVDF matrix, we designed the copolymer with PMMA segment due to its well-known miscibility with PVDF bulk matrix. 77, 78 Thus, while the PMMA segments provide strong anchoring sites with PVDF, the long fluorinated side groups of PFDMA segregate to the membrane surface and provide the desired surface chemistry. 40 The resultant membranes are selectively wetted with oils and organic solvents such as dodecane and dichloromethane (DCM), allowing them to permeate. They are highly hydrophobic and do not allow the permeation of water. We demonstrated that electrospinning of these blends can create membranes of bead-free and uniform fibers with up to 7 times higher Young's modulus compared with pure PVDF membranes. FCP-PVDF blend electrospun membranes are hydrophilic and superoleophilic, and prevent the adhesion of water droplets as indicated by very low contact angle hysteresis and easy water droplet roll off. These features make them promising as "oil-removing" membranes for oil/water separation applications. In gravity-driven filtration experiments, FCP-PVDF membranes demonstrated up to 17 times enhancement in flux of oil/organic solvents in comparison to pure PVDF membrane, while completely retaining water. Furthermore, FCP-PVDF blend membranes demonstrated stable performance in continuous filtration experiments with excellent fouling resistance properties, sustaining a very high DCM flux throughout the 70 min long experiment. In contrast, pure PVDF membranes experienced a 65% drop in flux within only 4 min contact with oil/water mixture. Combined, synergistically superior flux, separation efficiency, excellent mechanical properties, and fouling resistance properties of the FCP-PVDF blend membranes prepared in this study, in comparison to the values reported in the literature, 31, 45, 61, 64, 79, 80 make them a promising candidate for long-term oil/water separation. In conjunction with our recent report on the thermal and physical properties of the FCP-PVDF blend systems, 81 these results demonstrate that a thorough understanding of physical, thermal and chemical properties of additive is important for designing new additives for a targeted application.
■ RESULTS AND DISCUSSION
Polymer Synthesis and Characterization. The fluorinated copolymer (FCP), P(MMA-r-FDMA), was synthesized using free radical polymerization, a simple, robust and scalable synthesis method. 82, 83 The reaction is shown in Scheme 1. A high molecular weight copolymer was obtained, with an M n of 460 kg mol −1 and dispersity of 1.4 based on polystyrene standards in tetrahydrofuran. The copolymer composition was calculated by analyzing 1 H NMR spectra ( Figure S1 ). The reaction mixture contained 70 wt % MMA. The resultant copolymer also showed a very similar ratio of 68 wt % MMA at about 65% conversion.
Membrane Morphology and Chemical Composition. SEM was used to examine the electrospun membranes' morphology upon addition of the FCP in the blend. For this, mixtures of PVDF and varying amounts of FCP were prepared to form a solution with total polymer concentration of 20% wt/v in DMAc/acetone of 1:1 v/v ratio. Acetone was added to decrease the viscosity and to increase the vapor pressure of the solution because DMAc has a very low vapor pressure at room temperature. FCP comprised 5−25 wt % of the total polymer content in solution. Higher FCP contents led to poor mechanical properties. 81 The fiber membranes were then prepared by electrospinning the solutions, and their morphology were studied using SEM. Figure 1 illustrates the surface morphology of the prepared electrospun membranes. Nonwoven electrospun PVDF membranes comprise randomly oriented, bead-free, smooth fibers with diameter ranging from 0.4 to 2.0 μm (Figure 1a ), corresponding to an average diameter of about 740 nm. Membranes prepared at various concentrations of the FCP also exhibited similar smooth and bead-free morphologies ( Figures  1b and S2 ). The use of 15 wt % FCP in the polymer blend resulted in uniform fibers with an average diameter of about 1150 nm. It is worth noting that addition of up to 25 wt% FCP led to the formation of uniform fibers while electrospinning of the copolymer itself resulted in ribbon-like fibers that are not mechanically robust or easy to handle ( Figure S3a ). This is in parallel with the literature that reports the formation of nonuniform fibers with beads and aggregates when fluorinated block copolymers are electrospun. 27, 29, 42 Similarly, membranes prepared using PFDMA homopolymers blended with PVDF showed nonuniform morphology with beads and were not mechanically stable ( Figure S3b ). This indicates that the random copolymer architecture of the FCP and the compatibility of its PMMA segments with PVDF resulted in Scheme 1. Synthesis Scheme for P(MMA-r-FDMA)
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Article the integration of the additive within the polymer matrix, retaining the smooth, bead-free morphology of the fibers.
Incorporation of the FCP within the PVDF matrix was also confirmed using FTIR ( Figure 2 ). The FCP-PVDF blend membrane comprising 15 wt % FCP (termed FCP15 from here on) exhibited two sharp peaks (top spectrum) at about 1150 and 1730 cm −1 , corresponding to the stretching vibrations of C−F (from PFDMA segments) and CO (ester groups present in both PMMA and PFDMA) groups, respectively. 84 No similar peaks were observed in the pure PVDF fiber membrane (bottom spectrum), confirming the incorporation of the copolymer additive within the PVDF matrix. Our recent publication, focused on extensive characterization of the thermal and structural properties of electrospun membranes containing varying PVDF/FCP ratios, also indicates homogeneous incorporation of the FCP. 81 Membrane Mechanical Properties. Mechanical properties of membranes are crucial for their long-term stability, and depend on fiber structure, properties of blend constituents and their interactions. 85 To study key mechanical properties of the electrospun membranes, we used dynamic mechanical analysis (DMA). Samples with similar thicknesses (∼150 μm) were mounted vertically onto the DMA clamps and mechanically stretched under a uniaxial load in tension. Their tensile properties were measured. Figure 3 compares representative engineering stress−strain curves of a pure PVDF membrane (bottom curve) and an FCP15 membrane (top curve), as an example of the FCP-PVDF blend membranes. The typical tensile stress−strain curve for the PVDF membrane contains two regions. In the initial linear elastic region up to 2% strain, slight alignment of the fiber network occurs in the direction of the applied force. Young's modulus was calculated from this linear region to be 82 ± 8 MPa. As the strain increases, more fibers become oriented in the strain direction, resulting in higher stress along with noticeable necking. This indicates the onset of plastic deformation. Individual fibers start to fracture at the elongation at break of about 110 ± 6%.
Interestingly, the FCP15 membrane was much stiffer, with a Young's modulus of 580 ± 25 MPa, a 7-fold increase compared to the pure PVDF membrane, with no significant change in the elongation at break. Similar results were obtained for 3 samples of the FCP15 membranes, suggesting that the mechanical properties of the membrane were homogeneous throughout the electrospun membrane. Additionally, FCP15 was about 3 times tougher (2960 ± 106 MPa) than the pure PVDF membranes (1010 ± 63 MPa). The enhanced stiffness of the FCP15 membrane arises from an increase in glass transition temperature, T g , upon addition of the FCP. 81 The lower mobility of the polymer chain and high miscibility of the PVDF and PMMA contributes to increased stiffness. 78, 86 Thus, the results demonstrate that appropriate design of the copolymer can enhance membrane mechanical properties, a common concern when blending surface modifying additives. 72,85,87−89 Surface Wettability of the Electrospun Membranes. To gain more complete understanding of the surface wetting properties of the membranes, we measured the water (WCA) and oil (dodecane) contact angles (OCA) in air and water and performed oil absorption experiments (Figure 4) . We expect that the preferential orientation of long perfluorodecyl chains to the air−polymer interface 73 will impart superoleophilicity to the surface along with high degrees of hydrophobicity, resulting in high wetting selectivity between oil and water. (  Figure 4a ). FCP15 membrane exhibited a higher contact angle of about 140 ± 5°. Electrospun membranes prepared at 50 wt % of the FCP additive or more showed superhydrophobic surfaces with WCA of 155 ± 5°. However, they were not mechanically robust and thus were not considered for further studies. Of note is that even though the surface of FCP15 was not superhydrophobic (typically defined as WCA > 150°), it prevented the adhesion of a water droplet that was forced to sufficiently contact the membrane surface and then lifted up (Movies S1 and S2). This has potential applications in areas such as self-cleaning, anti-icing, and antibiofouling. 32, 90, 91 Two essential factors that are generally required for superhydrophobicity are a textured surface structure and nonpolar surface chemistry. As mentioned above, these features can help trap a thin air layer between the solid surface and the liquid. This minimizes the interaction between the solid surface and the liquid droplet. Thus, the liquid droplet can easily slide away on the surface without wetting it. 92 To examine if a water droplet can roll-off on the surface of the prepared membranes, a strip of each membrane sample was taped onto a glass plate, tilted at about 45°. Then a 10 μL water droplet was placed onto each membrane. For pure PVDF membrane, the droplet was pinned at the surface and did not slide even when the glass is tilted to about 60°( Figure  4b ). Upon further tilting the sample, the droplet spread on the membrane and wetted the surface, indicated by the formation of a streak ( Figure S4 ). In contrast, for FCP15 membranes, the droplet rolled off the surface upon contact with the tilted surface without leaving a trace.
Another indication of the surface resistance to the movement of a droplet is contact angle hysteresis, CAH, defined as the difference between advancing and receding contact angles. A low CAH suggests the droplet cannot penetrate into the material and instead sits on the surface asperities with minimal pinning. 93 We measured the CAH for the PVDF and FCP15 membranes using a droplet volume of 10 μL. The PVDF membrane showed a CAH of 9°± 1°. The FCP15 membrane exhibited significantly lower CAH, only 2°± 0.5°. This low CAH demonstrates the dynamic water repellency of the FCP15 membrane and confirms extremely low water adhesion, resulting in the ability of the droplet to roll off the surface easily.
Next, to characterize membranes' oleophilicities, oil contact angle (OCA) was measured in air for both PVDF and FCP15 membranes. Dodecane (colored red by adding a small amount of the dye oil red O) was used as an example of solvents with low surface energy. Both PVDF and FCP15 wicked oil immediately upon contact with the droplet (OCA < 1°), demonstrating superoleophilicity.
For practical applications, CA measurement in air might not provide enough information for evaluating membrane performance for separating oil/water mixture, because the wetting behavior of the membrane can be affected when it is submerged in water. 94, 95 To study membrane wetting properties that are directly relevant to membrane filtration applications, we also measured underwater OCA for both membranes. The membranes were taped on a glass slide and immersed in DI water upside down. A 4 μL oil droplet (dodecane) was introduced to the surface using a U-shaped microsyringe needle. The oil droplet was quickly absorbed (∼1.1 s) by the pure PVDF membrane (Movie S3). Stronger oleophilicity was observed for the FCP15 membrane compared with pure PVDF. The oil droplet was instantaneously absorbed by FCP15 membrane in ∼0.6 s. Combined, these results confirm superior hydrophobicity and oleophilicity of the FCP15 membrane because of incorporation of highly fluorinated groups.
Oil/Organic Solvent Absorption. The high oleophilicity of the FCP15 membrane makes it a promising material for selective absorption of oil from water. As an initial experiment to assess membrane oil/water separation performance, we tested the absorption of dodecane. Strips of PVDF and FCP15 membranes of similar size and thickness were taped onto a tilted glass plate with an angle of about 45° (Figure 4c) . A 10 μL droplet of dodecane was placed on the membrane surface. As shown in Figure 4c dodecane droplet gets quickly absorbed by the PVDF strip. The absorption was significantly faster for the FCP15 membrane and the droplet is wicked instantaneously upon contact with the FCP15 membrane. To quantify the absorption capacity and to assess membrane oil/water separation performance, dodecane (colored red) absorption from a dodecane/water mixture was measured (Figure 4d ). Two strips were submerged into a vial containing 10 mL of water and 200 μL of dodecane floating on top of the water. Both PVDF and FCP15 membranes quickly started to absorb the oil. Consistent with our expectations, FCP15 membrane showed higher and nearly complete absorption of oil layer within a few seconds, leaving a transparent region on the water surface. This corresponds to an absorption capacity of 7.0 g 
Article dodecane/g FCP15 membrane. However, PVDF membrane was not able to absorb and remove the oil completely because of its lower absorption capacity (5.7 g dodecane/g PVDF membrane). It should be pointed out that membranes have inherently low uptake capacity in general compared with other absorbents, such as foams, sponges, and aerogels, 96−98 and this was also the case here. The absorption experiment was only performed as an assessment and to compare the absorption capabilities of the pure PVDF and FCP15 membranes.
Gravity Driven Oil/Water Separation. While absorbents may be sufficient for removing relatively small quantities of oil, a separation device that removes oil in a continuous manner would be more beneficial for managing larger oil spill incidents. High surface porosity, superoleophilicity, strong water repellency and robust mechanical properties of the membranes described here make them a promising material for cleanup of oil and organic solvents in water, particularly when these organic solvents are not heavily emulsified. Oil spills mostly consist of hydrocarbons. Other applications, particularly biodiesel extraction, 99 ,100 utilize halogenated solvents that need to be separated from water. Due to their toxicity, clean up, efficient separation, and reuse of them is required. Fluoropolymers are documented to have high affinity for halogenated solvents (e.g., chloroform and DCM). 101, 102 This makes these FCP-PVDF blend membranes potentially promising materials for removing halogenated solvents, in addition to oils/hydrocarbons, from water by selectively permeating them. Here, we selected a representative for each organic solvent class to perform model experiments: dodecane (oil, relevant to oil spills; less dense than water) and dichloromethane, DCM (halogenated solvent, relevant to biodiesel processing; denser than water). In addition to surface chemistry, flux also depends on fiber dimeter which determines the pore size. 103, 104 To account for the effect of pore size in addition to surface chemistry, we prepared membranes containing varying amount of FCP additive (i.e., 5, 10, 15, and 20 wt % of the total polymer concentration termed FCP5, FCP10, FCP15, and FCP20, respectively). This results in different average fiber diameters (580, 660, 1150, and 1300 nm for FCP5, FCP10, FCP15, and FCP20, respectively). We studied the performance of these membranes as physical barriers for the separation of oil or other organic solvents from water and compared it with the PVDF only membrane. As a proof of concept, solely gravity driven oil−water separation experiments were conducted ( Figure 5 and Movies S4 and S5). For this, membranes with an effective permeation area of 2.85 cm 2 were fixed between two flasks ( Figure 5 ), and 20 mL of solvent (dodecane, DCM, or water) was poured onto the membrane surface. Solvent height corresponded to an initial hydraulic pressure of about 50 and 90 kPa depending on solvent. The time for 10 mL of the organic solvent to pass through the membrane into the conical flask below was measured. No water permeated through either membrane. Next, 20 mL of a mixture of DCM and water at 1:1 volume ratio was poured, and the flux of DCM was measured. Figure 5a depicts the flux of dodecane, DCM, and a mixture of DCM/water through the membranes at varying FCP concentrations. When dodecane (left columns, yellow) was poured onto the PVDF membrane, it quickly permeated without any external force, only by gravity (corresponding to initial and final hydraulic pressures of 80 and 35 kPa, respectively). Interestingly, the FCP-containing membranes exhibited significantly higher flux, irrespective of their average fiber diameters. This suggests that the effect of pore size, which is closely correlated with fiber size, 103, 104 is minimal and increase in the flux upon addition of FCP is mainly due to surface chemistry. For instance, both FCP5 and FCP10 membranes had smaller fiber sizes, yet higher oil flux compared with the PVDF only membrane. With increasing FCP concentration in the FCP/PVDF blend, the flux increased, reaching up to 17 times higher than the pure PVDF membrane for FCP20 membrane. Next, an analogous experiment was performed using DCM (middle columns, red). Significantly higher flux was observed for DCM in comparison to dodecane. This can be attributed to the lower viscosity of DCM (0.43 cP at 25°C) in comparison to dodecane (1.34 cP at 25°C) as well as the affinity of fluoropolymers to halogenated solvents. Similarly, the DCM flux increased with increasing FCP content in the membrane, reaching 14 times the flux through the pure PVDF membrane for FCP20 membrane.
The separation efficiency of the membranes was studied by a similar experiment in which 20 mL of a layered mixture of water (colored blue by adding brilliant blue R) and DCM (colored red) at 1:1 volume ratio was directly poured on the membrane surface (Figure 5a and 5b) . For the PVDF membrane (right columns), the oil quickly passed through, while all the water was retained above it. The liquid flow stopped when all oil is filtered through the membrane. For the electrospun FCP-PVDF blend membranes, substantially enhanced flux and faster separation was achieved upon addition of the copolymer. In fact, flux through FCP20 was 14 times higher than the PVDF only membrane, similar to when DCM was present alone. No water was observed in the 
Article collected oil for both PVDF and FCP-PVDF blend membranes because of the high affinity of the electrospun membranes to the oil. Thus, oil can easily wet the surface and passed through while low water-adhesion properties of the membranes prevent it from passing through.
Combined, the results demonstrate that the addition of the FCP to PVDF during the preparation of these electrospun membranes leads to more than an order of magnitude enhancement of organic solvent flux, while retaining membrane morphology and oil/water separation capability. While part of this increase may be associated with a slight shift in pore size, the flux enhancement is evident even in membranes with smaller pore sizes than the PVDF-only membrane and at relatively low FCP contents. The flux and the separation efficiency for the FCP15 and FCP20 membranes are comparable with the highest values reported in the literature, obtained by much more complicated postprocessing methods to alter surface chemistry. 45, 105 The exceptional performance and the simplicity of the manufacturing method makes these membranes promising for practical applications in oil−water separation, particularly for the removal of free, unemulsified oil, and organic solvents from mixtures in more compact, efficient, and continuous systems.
Continuous Filtration Experiments. Membrane fouling, one of the most significant obstacles to wider membrane use, is defined as flux loss because of the accumulation of feed components on the membrane surface. In membranes that separate oil and water by permeating water, "water-removing" membranes, this occurs due to the formation of an oil film on the membrane surface. As described earlier, in membranes that operate by permeating oil, "oil-removing" membranes, including those described here, penetration or pinning of water droplets can create a water layer between the oil droplet and membrane surface. The surface-adsorbed water layer decreases the contact of oil droplets with the surface, which in turn results in flux decline. 49 If a water droplet is pinned at the surface and sinks within the interstices of the membrane, it will block the pores and cause flux decline over time. Thus, use of oleophilic membranes requires high affinity toward oil (i.e., absorption and release) and strong water repellency. It is particularly important to avoid pinning of water droplets on the surface. Thus, while literature in the field of oil/water separation mostly relies on short-term gravity-driven filtration experiments to assess the membrane separation capability, continuous experiments are essential to gain better insight into their performance for real applications. Fluoropolymers have been documented to efficiently enhance the fouling resistance of membranes because of their low surface energy. 73−76 The entrapment of air pockets minimizes the contact of water with the surface, making it easy for water droplets to roll off of the surface. FCP-PVDF blend membranes exhibit significantly lower water droplet pinning than PVDF-only membranes, as described above. These features are expected to lead to lower fouling and more stable operation while filtering large quantities of oil.
To test this hypothesis, we performed a long-term, gravitydriven filtration experiment by continuously feeding a DCM/ water mixture to the chamber above the membrane (Figures 6  and S5 ). To our knowledge, this is the first time this type of continuous filtration experiment was reported for an oleophilic membrane. It is worth noting that the trans-membrane pressure was equal to the hydraulic pressure arising from the fluid head only. Any hold-up pressure was released using a needle exposing the fluid surface to the atmosphere ( Figure  6a ). The pump was merely used to provide a constant flow of the feed (DCM/water). Overflow from the cell was recirculated to the feed container by a tube, keeping fluid height stable. No water was observed in the permeate with either membrane, indicating the water content was limited to the very low solubility of water in DCM.
When tested in this continuous system, the PVDF membrane showed a sudden initial decrease in flux within the first few minutes of operation. The initial flux, about 1100 L m −2 h −1 , fell to about 380 L m −2 h −1 within 4 min. This was followed by a slower decrease to about 120 L m −2 h −1 at the end of 70 min. This decline in flux is a result of water droplets getting pinned on the surface and entering into the interstices of the membrane, progressively blocking the pores. For the FCP15 membrane, however, less than 1% decline in flux was observed over the 70 min experiment. This stable performance demonstrates the exceptional fouling resistance of these membranes. At the end of the experiment, the flux through the FCP15 membrane was up to 24 times higher than pure PVDF membrane. Combined, the superoleophilicity and excellent fouling resistance of electrospun membranes prepared from blends of PVDF with this carefully designed FCP additive illustrate the potential of this simple technique to fabricate highly fouling-resistant membranes for continuous oil/water separation.
■ CONCLUSION
This report demonstrates a simple, single-step approach for the fabrication of mechanically strong electrospun membranes that selectively permeate oil and organic solvents while preventing 
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Article water passage. These membranes exhibit high oil flux and are capable of sustaining a steady performance with excellent fouling resistant properties. These properties arise from the carefully designed copolymer structure that not only surfacesegregates to create a highly fluorinated, superoleophilic and hydrophobic surface on the electrospun fibers but also mixes with and stiffens the PVDF matrix to improve mechanical properties. The resultant electrospun membranes are selectively wetted with oil and organic solvents, but not with water. They also exhibited very low contact angle hysteresis, indicating little penetration and pinning of water droplets. Indeed, this selective wetting property enables the selective permeation of oil from an oil/water mixture. When coupled with the highly porous morphology created by the electrospinning process, this results in membranes that exhibit selective absorption and fast permeation of oil solely by gravity. Furthermore, unlike membranes prepared without the FCP additive, these membranes retained high oil fluxes for long time periods, exhibiting stable performance in continuous filtration experiments with complete retention of water throughout the experiment. These results indicate these highly effective yet easy to manufacture membranes could be highly promising for several applications where free oil or organic solvents need to be separated from water in large quantities, including oil spill cleanup and the extraction of biodiesel, though additional experiments with more realistic feeds containing more complex mixtures (e.g., crude oil as opposed to a single hydrocarbon, chlorinated solvents that also contain biodiesel and cell debris) are needed to validate their large scale use. 1,1,1,3,3 ,3-Hexafluoro-2-propanol (HFIP) were purchased from VWR (West Chester, PA). Ultrapure deionized water generated by Biolab 3300 RO, a building wide RO/DI water purification unit by Mar Cor Purification was used for all experiments. All chemicals and solvents were reagent grade and used as received except for MMA and FDMA, which were purified by passing through basic activated alumina columns (Sigma-Aldrich, MO).
Polymer Synthesis and Characterization. P(MMA-r-FDMA) was synthesized using a free radical polymerization (FRP) mechanism. A total of 20 g of MMA (14 g), FDMA (6 g), and AIBN (0.02 g) were dissolved in 60 mL of toluene in a round-bottom flask. The flask was sealed and purged with nitrogen for 30 min. Polymerization reaction occurred as the solution was heated under stirring at 60°C for about 23 h. Then, 1 g of MEHQ was added, and the solution was stirred for 15 min to terminate the reaction. Copolymers were recovered by precipitation in ethanol and purified three times by extraction in ethanol followed by decantation to remove all monomer residues. The final product was then air-dried overnight and dried in vacuum oven at 50°C overnight. The yield was approximately 65%. PFDMA homopolymer was also synthesized by FRP. Briefly, 15 g of FDMA and 0.015 g of AIBN were added to 45 mL of toluene. The polymerization continued at 60°C for 23 h. The polymer was purified by precipitating in DMSO, redissolving in HFIP, and reprecipitation in DMSO.
The synthesized copolymer and homopolymer were characterized using 1 H nuclear magnetic resonance ( 1 H NMR) spectroscopy. After the copolymer and homopolymer were dissolved in CDCl 3 , and CF 3 COOD, respectively, NMR spectra were acquired on a Bruker Avance III 500 spectrometer. Molecular weight distribution measurements of the copolymers were acquired using a Shimadzu Gel Permeation Chromatography (GPC) System equipped with a TOSOH TSK gel GMHh-M mixed-bed column and guard column, equipped with both UV and refractive index detectors. THF was used as the mobile phase at 0.75 mL min −1 elution rate and calibrated with low polydispersity poly(styrene) standards (TOSOH, PSt Quick Kit).
Fabrication of Electrospun Membranes and Characterization. Electrospinning solutions containing 20 w/v% total polymer concentration were prepared by varying the amount of copolymer additive (0, 5, 10, 15, 20, 25 w/v%). The PVDF pellets were first dissolved in DMAc, a common solvent for membrane preparation, by stirring for 8 h and at 90°C. Once the PVDF was completely dissolved, the temperature was lowered to 45°C and acetone was added to get a total mixture of DMAc/acetone at a ratio of 1/1 v/v. Then varying amounts of the FCP were added, and the mixtures were stirred for another 2 h until well-dissolved homogeneous solutions were obtained.
The nonwoven fiber membranes were prepared by electrospinning the solutions at a flow rate of 2.0 mL h −1 controlled by a syringe pump (BS-8000 12VDC Syringe Pump, Braintree Scientific, Inc., Braintree, MA) and an applied accelerating voltage of 20 kV, applied by a high voltage power supply (ES30P-5w, Gamma High Voltage Research Inc., Ormond Beach, FL). Electrospun fibers were deposited from solution, through a glass syringe of inner diameter 14.6 mm with 18-gauge stainless steel needles. The grounded counter electrode, which was used as the collector, was a flat plate placed 15 cm away from the needle and covered with aluminum foil, with surface perpendicular to the needle, rotating at 1 rpm. This resulted in isotropic distribution of the fibers lying predominantly in the plane of the collector. The prepared membranes were kept in a vacuum oven at room temperature overnight to remove the solvent residue.
The morphology of the obtained electrospun membranes was characterized using a Zeiss EVO MA10 scanning electron microscope (SEM) (Carl Zeiss, Oberkochen, Germany), at 5 kV and 13 mm working distance. To avoid charging, the samples were sputter coated (Cressington 108 manual, Ted Pella Inc., CA) with Au/Pd (60/40) for 90 s at 30 mA current in an argon atmosphere. Application software package ImageJ was used to analyze SEM images and to obtain statistics on fiber size by obtaining fiber diameter data from no less than 100 fibers for each composition.
ATR-FTIR spectra of membranes were collected using a FT/IR-6200 spectrophotometer (JASCO Corp, Tokyo, Japan) over the range of 4000−600 cm −1 at a 4 cm −1 resolution with 64 scans coadded. Air background was subtracted from the sample spectra.
The dynamic mechanical properties of the prepared membranes were probed using a dynamic mechanical analyzer (RSAIII, TA Instruments, New Castle, DE) with a crosshead speed (i.e., strain rate) of 10 mm min −1 . Strips of 40 mm × 10 mm were cut and securely mounted to DMA grips with gauge distance of 25 mm. Average of 3 measurements were reported. The effective thickness of the electrospun membranes was calculated by dividing the measured area density of the fiber mats by the known average density of the polymers in the fibers (1.76 g cm −3 for PVDF, 106 1.17 g cm −3 for PMMA, 106 and 1.56 g cm −3 for PFDMA 107 ). The nominal stress was thus estimated as the global force divided by the nominal accumulated cross-sectional area of the electrospun membranes.
Membrane wetting properties were measured with a Rame−Hart contact angle goniometer (Succasunna, NJ). The membranes were cut and taped onto glass plates. WCA and OCA were measured using the static sessile drop mode at room temperature. Contact-angle value was calculated by averaging over five contact-angle values. Underwater OCA was recorded by submerging the samples into a water bath. The
Article oil droplets (i.e., dodecane) were introduced to the surface of the mats using an inverted needle.
Membrane Performance for Oil/Water Separation. To examine the oil−water separation capability of the electrospun membranes, membrane with effective area of 2.85 cm 2 was sealed between a graduated flask and a conical flask to collect the oil. Twenty milliliters of dodecane, DCM, or a mixture of DCM/water was poured on the membrane surface and the time for passage of 10 mL of oil phase was recorded. The membrane flux was calculated by
where V is the volume of oil passing through the membrane, A is membrane effective area, and t is the time takes for the 10 mL of the oil to pass through the membranes.
Continuous Filtration Experiments. To study the performance, stability and fouling properties of the membranes, a continuous filtration experiment was performed in which a layered solution of oil and water was fed to the membrane using a peristaltic pump (KR1, KrosFlo Research 1, Spectrum Laboratories, Inc., Compton, CA). Membrane was fixed at a bottom of a graduated flask, covered with a rubber septum. A mixture of DCM/water with volume ratio of 1:1 was fed onto the membrane at a pumping rate of 250 mL min −1 . The pump was merely used to provide continuous flow to the membrane and no pressure was exerted on the membrane. To release the hold-up pressure, a needle was inserted into the septum. Thus, transmembrane pressure was equal to the hydraulic pressure of the fluid height (6 cm).
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